This study reports an all-round enhancement in the hydrogenation properties of Pd-Pr layers due to ion tracks formed on irradiation with 120 MeV Ag +10 ions. About 17.8% increase in the hydrogen stoichiometry value during loading, near maximal removal ͑about 31%͒ during deloading, and increase in the active layer thickness are observed on ion irradiation. Nonequilibrium structural change during ion-induced shock wave generation results in the formation of nanotracks throughout the film thickness, which provide two-way transport routes for H diffusion. This study thus provides an effective methodology of improving the hydrogenation properties of materials. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2722237͔
Interaction of hydrogen with solid-state surfaces is a topic of research interest due to complex physical and chemical processes involved and also due to its direct relevance to technologically important applications of hydrogen storage, sensing, and switching.
1, 2 In general, these applications require faster and increased H incorporation during loading followed by complete/maximum removal during deloading. It is equally important that the complete material remains active during loading-deloading cycles. Pd capped rare earth materials are one of the widely studied and ideal prototype materials for studying interaction of H with solid-state materials. [3] [4] [5] Surface sites, subsurface sites, defects, lattice plane edges, and corners are preferred H active sites and are known to enhance the hydrogen interaction as compared to the conventional interstitial sites. 6 Creation of large number of such sites, uniformly distributed throughout the material, without destroying the crystal structure and without altering chemical composition is probably an ideal solution. Swift high-energy ion ͑SHI͒ irradiation seems to be an effective method of modifying materials for improved H interaction as it satisfies the above requirements. In the present study, transport of H through SHI induced nanotracks has been investigated by making a direct measurement of the H stoichiometry and concentration profiles in loaded and deloaded Pd capped Pr layers irradiated with high-energy 120 MeV Ag +10 ions.
Pr thin films of 230 nm thickness were deposited by thermal evaporation technique at 1.4ϫ 10 −6 Torr pressure at 100°C substrate temperature on quartz substrates. Without breaking the vacuum, 20 nm thick Pd layer was deposited over Pr films at 1.0ϫ 10 −6 Torr pressure and at room temperature. The thickness of Pr and Pd layers was monitored in situ by a pre-calibrated quartz crystal monitor. SHI irradiation and elastic recoil detection analysis ͑ERDA͒ of these samples were carried out by using a focused beam of 120 MeV Ag +10 ions using a 15 UD Pelletron tandem accelerator. Four identical samples were fixed onto the copper ladder by Ag paste and the ladder was mounted in the high vacuum chamber at a pressure of ϳ10 −7 Torr. For uniform irradiation, the focused ion beam was made to scan over a sample area of 1 cm 2 . Three samples were irradiated with the ions doses of 1.0ϫ 10 12 ions/ cm 2 ͑R1͒, 5.0ϫ 10 12 ions/ cm 2 ͑R2͒, and 1.0ϫ 10 13 ions/ cm 2 ͑R3͒, and one is kept unirradiated ͓as-deposited ͑AD͒ sample͔. These samples were hydrogenated by introducing hydrogen into the vacuum chamber at a pressure of 760 Torr. In order to prevent H escape from the loaded samples during the ERDA analysis ͑which requires high vacuum conditions͒, the samples were cooled to a temperature of ϳ150 K by flowing liquid nitrogen though the substrate ladder. After the ERDA analysis of the H loaded samples, the samples were brought to room temperature and H deloading was completed. Subsequently, ERDA analysis of the deloaded samples was carried out.
The ERDA spectra of the hydrogen loaded and deloaded samples ͑AD and R3͒ taken at the start of ERDA measurements are shown in Figs. 1͑a͒ and 1͑b͒ , respectively. The area under the H recoil spectra can be used to obtain the hydrogen concentration ͑N T , atoms/ cm 2 ͒ in Pd-Pr layers at a particular time during ERDA. 7 Values of N T were calculated from the recorded ERDA spectra ͑not shown here͒ taken at different ion dose values for samples AD, R1, R2, and R3 in the loaded and deloaded states. For finding out hydrogen concentration in the Pr layers ͑N C ͒, the amount of H present in the Pd layer was subtracted from N T . It has been assumed that Pd is present as PdH 2 in the loaded samples. 8 As PdH 2 is known to reversibly transform to Pd on deloading, this correction is not required in the case of deloaded samples. The obtained values of N C in the Pr layer as a function of ion dose during ERDA measurements for samples AD and R3 in the loaded and deloaded states are plotted in Fig. 1͑c͒ . The decrease in the hydrogen concentration is due to H loss on ion irradiation during the ERDA analysis. and X D ͒ have been determined. 9 The calculated values of X L , and X D in samples AD, R1, R2, and R3 are given in Table I . There is an increase of 7.29% in the X L value of sample R1 with respect to sample AD. The percentage enhancement is 14.98% in sample R2 and 17.81% in sample R3. The effect of SHI irradiation on the value of the H stoichiometry in the deloaded samples ͑X D ͒ is even more remarkable. The X D value of 2.17 in the AD sample shows that the as-deposited Pr layer is not able to completely transform to PrH 2 phase. X D equal to about 2.0 is observed in all the SHI irradiated samples. A small ion dose of 1.0ϫ 10 12 ions/ cm 2 is sufficient for complete transformation of PrH 3 phase to PrH 2 phase on deloading. Thus, during deloading, about 31% H gets removed in sample R3 ͑from X L = 2.91 to X D = 2.01͒ in comparison with only 12% in the case of sample AD. It may be mentioned that the maximum possible H removal during PrH 3 to PrH 2 transformation is 33.3%. In this study, enhanced hydrogen incorporation during loading and near maximum removal during deloading has been observed in SHI irradiated samples in comparison with the AD sample. The results can be explained due to the formation of the latent tracks, which are created during Ag +10 ion passage though the Pr layer, as ion loses large value of energy ͑1880 eV/ Å͒ resulting in electronic excitation in the Pr lattice. This large deposit of energy during SHI irradiation creates defects in the vicinity of the ion path. As already mentioned, defects are known to offer the lower-energy sites for the hydrogen diffusion. The distances ͑d e ͒ up to which electronic energy loss is the dominant energy loss mechanism is ജ4 m in comparison with Pr layer thickness ͑2300 Å͒ for 120 MeV Ag ions.
X-ray diffraction ͑XRD͒ peaks corresponding to Pr ͑100͒ and Pd ͑111͒ of samples AD, R1, R2, and R3 are shown in Figs. 2͑a͒ and 2͑b͒, respectively. Both peaks shift to smaller angle in the irradiated samples in comparison with the AD sample. This confirms the absence of alloy formation between Pd and Pr as alloy formation normally results in shift of XRD peaks of the constituent elements in the opposite directions. Also, the reported changes in the lattice parameters on alloy formation between Y and Pd are very large in comparison with the observed values. 10 Assuming that each incident ion produces an ion track, 11 for the ion tracks to completely cover the irradiated area at an ion dose of 1.0ϫ 10 13 ion/ cm 2 , the approximate track diameter should be about 3.6 nm. In case of the amorphous iron-boron metal alloy, the calculated and observed diameter of the melting zone is approximately 1 -12 nm depending upon the mean free path of electron scattering and electronic stopping power. 12 Dotted tracks of 5 nm diameter have been observed in Ti on irradiation with Pb heavy ions. 11 Thus the approximated value of track diameter is quite close to the experimentally reported and theoretically estimated values. 11, 12 According to this approximation, nanotracks will cover an area of about 10% and 50% in samples R1 and R2, respectively. It is interesting to note that track formation in about 10% of the sample area is sufficient for near maximal hydrogen deload- ing and transformation of the H loaded Pr layer to PrH 2 phase. In the absence of ion tracks, anisotropic lattice expansion and contraction during loading and deloading are known to result in crystallite locking. 3 This causes a fraction of crystallites in the loaded sample to remain in unloaded metallic Pr or PrH 2 phase. This can result in the value of X less than 3 in the loaded samples. In the deloaded state of the asdeposited Pr layers as shown in the schematic diagram in Fig. 2͑c͒ , a fraction of crystallites can be in the PrH 3 phase, which results in X D to be higher than the ideal value of 2.
The observed values of X L and X D in sample AD confirm this. The ion-induced nanotracks, as shown in the schematic diagram in Fig. 2͑d͒ , provide a two-way transport route. Ion tracks are formed across the complete thickness of the Pr layer and large density of hydrogen active defects are present along the track lines. Thus, hydrogen can reach the crystallites during loading and the crystallites can release H during deloading via these nanotracks. The limiting parameter of slow bulk diffusion from one crystallite to other crystallites becomes unimportant as each crystallite is exposed to H ambient through the nanotracks and can load or deload independently. This reduces the crystallite locking considerably. In addition, the defects created along the tracks provide space and flexibility required for lattice expansion or contraction, which further reduces the crystallite interlocking. Energetic ion beam creates a space charge zone along the ion path, which provides an additional energy and momentum to the electrons and the lattice. The coherent radial atomic movement leads to the generation of cylindrical shock waves.
11
Nonequilibrium conditions during high pressure spikes due to shock wave generation can result in the structural change and thus nucleation of large concentration of defects along the ion tracks. 13 Structural transformation from dhcp to fcc at high pressure under nonequilibrium conditions has been reported. 14 The track formation in Pr layer can thus be explained by Coulomb explosion model. The track formation in the ion irradiated samples is further confirmed by the increase in the thickness of the Pr layer, active during H loading and deloading. The active thickness of Pr layer is proportional to the full width at half maxima ͑FWHM͒ of the ERDA spectra as shown in Fig. 1͑d͒ . Active thickness factor calculated from the FWHM of the ERDA spectra of the loaded sample ͓Active Thickness Factor=͑FWHM/ d ϫ 100͔. Active thickness factor for samples R1 ͑41.09%͒, R2 ͑42.74%͒, and R3 ͑51.0%͒ is larger in comparison with that of sample AD ͑37.22%͒. Faster diffusion of H via the defect sites along the ion tracks results in H incorporation to larger depth along the film thickness.
This study presents a methodology for improving the hydrogenation properties of Pd capped Pr layers by using ion-induced nanotracks as two-way transport routes for the H diffusion. A direct measurement of H stoichiometry value in loaded samples shows an increase from 7.29% to 17.81% with the increase in ion dose from 1.0ϫ 10 12 to 1.0 ϫ 10 13 ions/ cm 2 . H stoichiometry value of 2 observed in the samples irradiated with an ion dose ജ10
12 ion/ cm 2 shows that a small number of ion tracks are sufficient for complete removal of incorporated H corresponding to PrH 3 to PrH 2 transformation. Hydrogen active defect sites present along the ion tracks across the thickness of the Pr layer reduces the crystallite interlocking and results in enhanced incorporation, complete removal, and higher active layer thickness. 
